transthoracic resection and re-anastomosis as their standard approach, especially in Western countries where more distal tumors are treated.
Mortality rates of esophageal resection are expected to be below 5%; however, postoperative morbidity may be as high as 50%, mainly due to pulmonary complications [12] . Consequently, only about 50-60% of patients undergoing surgery after preoperative treatment also receive planned postoperative chemotherapy [19] . Minimally invasive surgery (MIS) could therefore not only reduce the morbidity of the surgical intervention itself, but also may enhance the rate of adherence to planned oncologic treatment following esophageal resection.
Methods
Recommendations within this review are derived from data from the current literature. A PubMed search was carried out between 1992 and 2018 with the following search terms: 'esophageal cancer', 'minimally invasive surgery', 'resection', 'transhiatal', 'transthoracic', 'MIE', 'hybrid', 'robotic resection', 'RAMIE', 'RATE'.
Types of Minimally Invasive Esophageal Resection
Due to the different approaches to morbidity reduction in esophageal resection, a variety of procedures have been coined 'minimally invasive esophagectomy' (MIE): Most authors relate to a transthoracic resection; however, no semantic differentiation is being made as to whether the anastomosis is performed at the cervical or the intrathoracic level. If both the abdominal and the thoracic part are performed in a minimally invasive fashion, the procedure is named 'total' minimally invasive esophageal resection. Here, the abdominal part is quite uniformly performed laparoscopically with usually 4-6 trocars positioned in a 'smiley' formation at the umbilical level. For the thoracic part, a broad variety of techniques has been described. While some authors prefer a left-sided thoracotomy position with the patient tilted toward the left side (lateral position), a technique with the patient in prone position is also widely used [20] . While the prone position takes advantage of gravity to displace the lung from the dorsal thoracic structures and the esophagus, the lateral position allows for an approach similar to open resection and does not require repositioning of the patient in the case a conversion to open surgery is required during the transthoracic resection phase. Most centers use single-lung ventilation with active CO 2 insufflation into the right hemithorax during the thoracic phase; however, the prone position in some patients also allows for double-lung ventilation during the thoracic phase [21] . Respiratory management deserves recognition when discussing MIE, as one of the leading arguments for the introduction of a minimally invasive approach is the reduction of pulmonary complications. Wolfer et al. [22] reported that a capnothorax with a pressure of 8-10 mm Hg and an insufflation rate of 2-3 l/min did not significantly influence the respiratory and cardiovascular system. However, acute lung injury occurs in 25-30% of patients after transthoracic esophagectomy [23] , and singlelung ventilation has been implicated in its pathogenesis [24] . Further, the pathophysiologic relevance of capnothorax was also investigated by Mao et al. [25] who found relevant impairment of the coagulatory system in patients after capnothorax. Also, experimental work by Shen et al. [26] demonstrated that changes in pulmonary management with low-volume insufflation significantly reduced postoperative pulmonary complications in patients undergoing esophagectomy with cervical anastomosis. Robotic-assisted minimally invasive esophagectomy (RAMIE) is technically equivalent to total MIE and mainly performed in the setting of single-lung ventilation; however, the steady image and the exact movement of the instruments may further reduce the physiologic alterations during the operation. Figure 1 gives an overview of the available minimally invasive techniques.
Comparison of Minimally Invasive Esophagectomy and Open Resection
The first description of a transthoracic minimally invasive approach to esophageal resection was reported by Cuschieri et al. [27] in 1992 and via the transhiatal route by Depaula et al. [28] in 1995. Soon after, Cuschieri [29] reported on 26 procedures, 20 performed in lateral and 6 in prone position, and concluded that the prone posi- tion might be more advantageous due to reduced pulmonary complications. It then took several years before the new technique was adopted on a larger scale; however, after the year 2000, the number of papers demonstrating technical feasibility rose steeply [17] , and several larger series with experiences exceeding 100 patients were published [30, 31] . In 2012, Luketich et al. [17] reported on their large single-center experience with over 1,000 patients undergoing MIE. In their series, the authors reported an excellent 30-day mortality of 1.7% with an anastomotic leak rate requiring reoperation of 5%, a conversion rate to open resection of 5%, and a median number of 21 lymph nodes retrieved. In their series, the authors performed the first 481 operations using an en-principe cervical anastomosis (McKeown), and then switched to a minimally invasive Ivor-Lewis approach with intrathoracic anastomosis for the second group of patients (n = 530). In the Ivor-Lewis group, the authors found a 0.9% 30-day mortality rate (compared to 2.5% in the McKeown group; p = 0.083) as well as a reduced rate of recurrent laryngeal nerve palsies, less acute respiratory distress syndrome (ARDS), and less congestive heart failure [17] . The principal relevance of avoiding cervical anastomosis whenever possible is also corroborated by a large nationwide registry study of esophageal resection from the USA, demonstrating a significantly higher in-hospital mortality and overall morbidity rate for total esophagectomy compared to partial esophagectomy [32] .
Also, the authors reported a postoperative survival comparable to other published data for open resection [17] . In 2015, Luketich et al. [33] published a prospective phase II multicenter trial of 17 US centers including 104 patients. In their study, the authors reported an 8.6% anastomotic leak rate, an ARDS rate of 5.7%, and a pneumonitis rate of 3.8%, with an estimated 3-year survival rate of 58.4%. The authors concluded that MIE can be adopted and safely performed by other centers proficient in esophageal surgery with appropriate minimally invasive skills. The first prospective randomized trial comparing total MIE to open surgery was published in 2012 (TIME trial) [34] . In the final per-protocol analysis, 50 patients with open resection were compared to 53 patients undergoing minimally invasive resection. Interestingly, in both groups, two-thirds of patients received a cervical anastomosis. The main outcome was a reduction in pulmonary complications at 2 weeks from 29% (open) to 9% (MIS group) (p = 0.005) and reduced in-hospital pulmonary infection rates from 34% (open group) to 12% (MIS group) (p = 0.005). R0 rate, number of lymph nodes retrieved, and in-hospital and 30-day mortality rate were not significantly different between groups. The conversion rate in the MIS group was 14%, and the reoperation rate was not significantly different but quite high in both groups (11% open vs. 14% MIS). Despite limited patient numbers, this study provided evidence that patients derive relevant benefit from MIS. Several retrospective data have since confirmed these findings [35] , including a subgroup analysis which confirmed the significant reduction in pulmonary complications also in elderly patients [36] . The recently published 3-year follow-up of the TIME trial confirmed the appropriateness of a MIS approach compared to open surgery with a 50.5% 3-year survival in the MIS group (40.4% in the open cohort, p = 0.207) [37] .
Parallel to a total minimally invasive approach, the hybrid IvorLewis approach with open intrathoracic resection and reconstruction has also become popular. In 2015, Messager et al. [38] reported a large French nationwide retrospective analysis of 663 patients undergoing hybrid MIE compared to 2,346 patients with open resection between 2010 and 2012. Primary outcome was the 30-day postoperative mortality rate, and patients undergoing hybrid resection experienced significantly less mortality both at 30 and at 90 days (3.3 vs. 5.7% (p = 0.005) and 6.9 vs. 10% (p = 0.016), respectively). By multivariate analysis, age > 60 years, preoperative malnutrition, and cardiovascular morbidity were predictive of higher mortality, whereas a hybrid approach was associated with a decrease in mortality (p = 0.041). While this analysis related to a retrospective registry study, Mariette et al. [39] 
Two nationwide registry studies from Japan [40] and the USA [41] corroborated the results in large patient cohorts. The US study conducted propensity score matching (562 MIE patients vs. 562 open patients) and found comparable lymph node numbers (p = 0.057), R0 resection rates (p = 0.323), and 30-and 90-day mortality (p = 0.995 and p = 0.848, respectively) between both groups [41] . The Japanese study retrospectively compared 3,515 MIE patients (total and hybrid MIE combined) with 3,515 matched open resections. The authors found less respiratory complications, blood loss, and surgical site infections in the MIE group, but longer operation times and a higher reoperation rate at 30 days (7 vs. 5.3%; p = 0.004) in the MIE group. Operative mortality (p = 0.414) and cancer-specific survival were comparable in both groups [40] .
Comparison between Different Minimally Invasive Resection Techniques
Both a hybrid approach and total minimally invasive resection have proven beneficial in terms of early postoperative parameters compared to open resection [34, 35, [39] [40] [41] , and both procedures displayed comparable oncologic results with regard to surrogate parameters (R0 resection rate/lymph nodes retrieved) [34, 39] as well as cancer-specific [40] and overall survival [34, [39] [40] [41] . With regard to postoperative survival, the MIRO trial [39] was the only prospective randomized study demonstrating a survival benefit at 3 years (p = 0.05) compared to open resection. None of the comparisons of total MIE versus open resection or combined MIE versus open resection confirmed a survival benefit for the MIS technique. Not surprisingly, only scarce data comparing hybrid versus total MIE resections are available as i) differences between different minimally invasive techniques are always less apparent than those seen in comparisons to open resections, and ii) each center has developed and pursued their own minimally invasive approach found to be most applicable. A major argument against pursuing thoracoscopic resection when performing a thoracoscopic anastomosis are technical problems related to the construction of the anastomosis. Further, any center predominantly performing total MIE would still encounter a number of pa-
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Visc Med 2018;34:10- 15 13 tients in whom, for various reasons, a hybrid procedure was performed, implementing a strong bias on a direct comparison. Looking at anastomotic complications in total MIE, prospective data as well as large multicenter data indicate a leakage rate of 9-15% [33, 34, 42] . In hybrid resection, the anastomotic leakage rate may be lower [43, 44] ; however, any comparison between studies reporting different technical approaches is difficult due to differences in definitions and in the reporting of postoperative anastomotic complications. 2 studies relate to a direct comparison of a total minimally invasive technique and a hybrid approach: Palazzo et al. [45] reported a series of 172 patients undergoing esophageal resection for cancer. 104 patients underwent total MIE (92.3% with cervical anastomosis), and 68 patients not suitable for such an approach underwent open surgery or a hybrid procedure (combined group). In these strongly selected groups, minor (p = 0.05) and major (p < 0.01) complications as well as the pneumonia rate (p = 0.01) were significantly higher, and the postoperative estimated survival was lower (p < 0.01) in the combined group of open and hybrid resections as compared to the MIE cohort. Bonavina et al. [46] published a series of 80 total MIE versus 80 hybrid MIE patients and found no differences in early postoperative complications and mortality.
Robotic-Assisted Minimally Invasive Esophageal Surgery
After its implementation in other surgical fields, the robot was also evaluated for esophageal surgery. Here, 3-dimensional vision together with the multidimensional articulated movements of the robotic instruments even in narrow spaces [47] seemed attractive to many to overcome the technical difficulties of MIE. As in open surgery, both the transhiatal (robotic-assisted transhiatal esophagectomy (RATE)) (2003) [48] and the transthoracic route (RAMIE) (2004) [49] have been evaluated. Given the results of oncologic esophagectomy, also in robotic surgery, the transthoracic route became the most commonly used approach. Similar to MIE, different variations of RAMIE have also been established, and the principal advantages of the minimally invasive approach compared to open surgery also apply to the robotic-assisted techniques. While with the evolution of robotic techniques fully-robotic approaches emerged, initial series often focused on robotic thoracoscopic dissection with either open or laparoscopic gastrolysis and cervical anastomosis [50] . Ruurda et al. [51] summarized the first 300 published cases in 2015, with no series exceeding 52 cases. The authors concluded RAMIE to have technical feasibility and good short-term oncologic outcomes. However, it was also stated that -unlike MIE or open resection -in RAMIE, the preferred approach to anastomosis was unclear and the reported leak rates varied significantly. Still, the most commonly used anastomotic site was cervical [51] . In a series of 85 patients, Cerfolio et al. [52] performed a laparoscopic gastrolysis, robotic thoracic dissection, and intrathoracic reconstruction with a S/S 30-mm stapled anastomosis and hand-sewn closure of the stapler insertion site, reporting a 7.1% anastomotic leakage rate and a 3.5 and 10.6% 30-and 90-day mortality rate, respectively. Abott et al. [53] evaluated a cohort of 134 patients and found the complication rate in patients >70 years of age undergoing RAMIE to be comparable to that in younger patients. Also, the robot proved beneficial especially in obese patients, and no differences in operation time, postoperative complications, and length of hospital stay were noted between normal-weight, overweight, and obese patients in a series of 129 patients reported by Salem et al. [54] .
Further standardization and the introduction of the latest generation of robotic systems resulted in progression to a fully robotic transthoracic procedure. The most commonly performed anastomotic techniques are hand-sewn at the cervical level [55] , and either stapled S/S esophagogastrostomy [52] or a robotic hand-sewn E/E esophagogastrostomy [56] .
Early and long-term oncologic outcomes of RAMIE are comparable to other resection techniques [41, 55] .
Regarding the use of RAMIE, in a US nationwide experience, Weksler and Sullivan [41] reported a National Cancer Data Base (NCDB) analysis of the years 2010-2013. Out of 9,217 esophagectomies, 32.1% were performed in a minimally invasive fashion. Of these 2,960 resections, 581 (19.6%) were completed as RAMIE.
Comparison of Robotic and Minimally Invasive Esophagectomy
While no differences in postoperative mortality and disease-free survival between MIE and RAMIE were noted [41] , histopathological data from a study by Park et al. [57] demonstrated that RAMIE allows for a higher number of lymph nodes retrieved compared to MIE. Kim et al. [58] published data on dissection techniques of the upper mediastinum, and Park et al. [59] reported excellent 5-year disease-free (76.2%) and overall (79.4%) survival in a cohort of 115 patients undergoing total mediastinal lymphadenectomy. In comparison to the lymph node count reported in large MIE series [17, 31] , all RAMIE series applying lymph node dissection of the upper mediastinum [57] [58] [59] reported markedly higher numbers of retrieved lymph nodes (median n = 19-21 (MIE group) vs. n = 37-49 (RAMIE group)).
Special Developments in Robotic-Assisted Esophageal Resection
In RAMIE, most systems routinely have a real-time perfusion assessment system using diluted indocyanine green, and Hodari et al. [60] reported a low anastomotic leak rate of 6.8% using this system in a cohort of 54 patients. While RATE itself was not further pursued, interesting developments have been reported using a cervical robotic access for upper mediastinal dissection. Mori et al. [61] performed a preclinical feasibility study using a single-port cervical access for upper mediastinal esophageal dissection. The same group also reported on 22 patients undergoing radical robotic non-thoracic esophagectomy. The authors compared the outcomes with 139 open esophageal resections [62] . Anastomoses in the non-thoracic group were all performed at the cervical level. While procedure time was longer in the non-thoracic group, no statistically significant differences in postoperative morbidity were noted between groups, while the postoperative length of stay was significantly shorter in the minimally invasive group.
Conclusion
Comparisons between the different techniques of minimally invasive esophageal resection are difficult due to the variety of techniques and differences in data reporting. Both hybrid and total MIE carry the benefit of reduced morbidity compared to open surgery, with especially pulmonary morbidity being reduced in a minimally invasive setting. Major oncologic outcomes, contraindications to resection, postoperative mortality, and disease-free survival all seem equivalent compared to open standard procedures.
The same applies to robotic-assisted minimally invasive resections. While no direct statistical comparisons are available, the robotic approach seems to be more efficient in lymph node retrieval in single-center Asian series compared to large Western experiences with MIE, albeit without clear consequences postoperatively.
The robot offers potential for new dissection routes, minimizing the lung trauma related to the transthoracic approach.
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